The 2009/2010 Arctic winter was an exceptional one as the North Atlantic Oscillation index 3 attained persistent extreme negative values. Here, selected aspects of the Arctic stratosphere 4 during this winter inspired by the analysis of the international field experiment RECONCILE 5 are presented. First of all, and as a kind of reference, the evolution of the polar vortex in its 6 different phases is documented. Special emphasis is put on explaining the formation of the 7 exceptionally cold vortex in mid winter after a sequence of stratospheric disturbances which 8 were caused by upward propagating planetary waves. A major sudden stratospheric warming 9 (SSW) occurring near the end of January 2010 concluded the very cold vortex period. Wave 10 ice polar stratospheric clouds were frequently observed by spaceborne remote-sensing 11 instruments over the Arctic during the cold period in January 2010. Here, one such case 12 observed over Greenland is analysed in more detail and an attempt is made to correlate flow 13 information of an operational numerical weather prediction model to the magnitude of the 14 mountain-wave induced temperature fluctuations. Finally, it is shown that the forecasts of the 15 ECMWF ensemble prediction system for the onset of the major SSW were very skilful and 16 the ensemble spread was very small. However, the ensemble spread increased dramatically 17 after the major SSW, displaying the strong non-linearity and internal variability involved in 18 the SSW event. 19 3 1
warming (SSW) near the end of January 2010 led to a variety of interesting phenomena 23 during the two field phases of RECONCILE. From a dynamical viewpoint, probably the most 24 interesting question of this stratospheric winter is why such a strong and persistent polar 25 For the first time, and in addition to the familiar usage of deterministic forecasts, the 23 operational forecasts of the ECMWF ensemble prediction system (EPS) are analysed to 24 provide quantitative measures of the reliability of the stratospheric forecasts. As stratospheric 25 research flights usually require meticulous planning and preparation several days in advance, 26 we assess the quality of the 120 h and 240 h forecasts by all of the 50 ensemble members. 27
The paper is divided into five parts. After this Introduction, the methodology and the data 28 sources are explained. Section 3 deals with thermodynamic aspects of the vortex evolution 29 and the quality of the ECWMF forecasts. Section 4 presents the investigation of a particular 30 mountain wave period at the beginning of the very cold vortex period, and the final section 5 31 presents conclusions. through their distinct optical signature in R 532, the ratio of total to molecular backscatter at 25 532 nm, and the lidar colour ratio, the ratio of 1064-nm particulate backscatter to 532-nm 26 particulate backscatter. In general, lidar colour ratio is an indicator of the particle size; cirrus 27 and tropospheric clouds have colour ratios of around 1, indicating large particles, while 28 smaller aerosol particles have lower colour ratios (Liu et al., 2004) . Over most of the ice PSC 29 domain, the maximum number of observations occurs at colour ratios from 0.75 to 1.0, 30 indicating large particles. But for ice PSCs with 1/R 532 < 0.02, the maximum in the number of 31
Polar Vortex Evolution 13
The temporal evolution of the minimum temperature T MIN As a consequence of these disturbances, the polar vortex split into two unequally strong lobes 21 during the first ten days of December. Figure 2 below the climatological mean (Fig. 1) . Typical flow and temperature fields from this 28 exceptionally cold period are shown in Fig. 2 (c, d) , depicting a coherent polar vortex centred 29 near the North Pole. An analysis for the physical mechanisms leading to this period is 30 presented in Sect. 3.2. 31 5 It must be noted that the so called WMO definition of sudden stratospheric warmings has been interpreted differently in details by different authors. Andrews et al. (1987, p. 259) writes: "It is defined somewhat arbitrarily, to be a major warming if at 10 mb or below the zonal-mean temperature increases poleward from 60° latitude and the zonal-mean zonal wind reverses. If the temperature gradient reverses there but the circulation does not, it is defined to be a minor warming.". Krüger et al. (2005) specify the North pole as the exact location where the temperature gradient ΔT = T 90°N -T 60°N has to be calculated: "Major warmings are associated with a breakdown of the polar vortex as well as a warming of the polar region and the reversal of the meridional temperature gradient between 60° latitude and the Pole. The vortex breakdown is defined by the reversal of the mean zonal westerlies poleward of 60° latitude into easterlies, at least down to 10 hPa." On the other hand, Limpasuvan et al. (2004) modified the criteria three ways by taking 85 °N and adding a 5 days period for which ΔT = T 85°N -T 60°N has to be positive and shifting the latitude from 60 °N to 65 °N for calculating the wind criteria: "According to the WMO definition, a stratospheric warming occurs when the latitudinal gradient in 10-hPa zonal-mean temperatures between 85 °N and 60 °N is positive for more than 5 days. If the 10-hPa zonalmean zonal wind at 65°N is concurrently easterly, the warming event is categorized as a ''major warming''; otherwise, the warming event is categorized as ''minor'' (see Andrews et al. 1987) ."
Based on a composite analysis, Charlton and Polvani (2007, CP07) classified SSWs into 1 vortex displacement and splitting events. sector, respectively. These temperature anomalies are associated with stronger than normal 28 vortices in these regions (see negative anomalies in the geopotential height fields in Fig. 7) . 29
Strong vortex event of early January 1
The first phase of the RECONCILE flight campaign took place from the middle to end of 2 January 2010. In the lower stratosphere, the coldest conditions in the entire winter occurred 3 then, in a brief period between the two strong stratospheric warming events of December and 4 late January. We now examine in some details the origin and development of this pronounced 5 cold vortex event. The vortex averaged temperature T POLAR CAP at 50 hPa was anomalously 6 cold from late December to early January, and local temperatures fell below T NAT , and even 7 below T FROST for a few days (Fig 1) . This period was the only occurrence of minimum vortex 8 temperatures below T NAT during the entire winter (Fig 1) . On two occasions between 9
December and February, the zonal-mean zonal winds at 10 hPa and 60° N strengthened 10 markedly to over 40 m/s (Fig 4b) . The polar stratospheric cooling and vortex strengthening 11
were likely a response of the weakened planetary wave activity which is indicated by the 12 zonally-averaged meridional eddy heat flux decreasing well below its climatological average. 13
Indeed, a period of anomalous low heat flux prevailed from mid-December to early January 14 ( In the composite analysis, the polar stratosphere cooled by up to 5 K on average at levels 26 between 10 hPa and 30 hPa within 5 days of the peak of the WP event, and the cooling 27 persisted for a month. 28
Calculation of a standardized WP index using an Empirical Orthogonal Function approach 29 applied to the JRA re-analyses reveals that the period from December 2009 to early January 30 2010 was characterized by a positive WP index, with a first maximum occurring around 13 31
December and a second, stronger maximum around 3 January (Fig. 9 ). In agreement with the 32 1 mid and high latitudes were negative during this period, and the coldest 50-hPa polar 2 temperatures were found within a week of the peak in the WP index; see Figs. 8 and 9. 3
Anomalously cold temperatures lasted slightly less than 3 weeks, before the return to 4 anomalously warm temperatures; see Fig. 1 . 5
Five-day averaged geopotential heights for 1-5 January and 6-10 January are shown in Figure  6 10, at 250 hPa and 30 hPa, separately, along with their anomalies from the 1980-2007 JRA 7
climatology. In early January, a north-south dipole anomaly exists at 250 hPa over the North 8
Pacific/Eastern Eurasia region that project strongly onto the WP pattern in its positive phase 9 (Fig. 10a) . Additionally, a prominent positive tropospheric height anomaly (blocking high) is 10 located over southern Greenland leading to tropospheric as well as stratospheric westerly 11 winds. As they are nearly perpendicular to Greenland's east coast, the Atlantic block 12 generated favourable flow conditions for the excitation and propagation of mountain waves; 13 see Sec. 4. At stratospheric altitudes, the reinforcing polar vortex is still slightly elongated and 14 shifted off the pole ( Following this strong stratospheric cooling event, the transition to the major SSW came 5 abruptly, without a preconditioning and weakening of the polar vortex (Fig 4b; see also  6 Ayarzagüena et al., 2011). This particular SSW event was marked as an extreme positive 7 anomaly of wave-activity injection into the stratosphere in referring to Figs. 8 and 9. 8
Forecast quality 9
Based on the operational analyses in association with the ERA-Interim climatology from 10 1989-2009, the research aircraft GEOPHYSIKA was deployed in anomalously cold 11 stratospheric temperatures in January and under climatologically average conditions in March 12 2010 during the two phases of the RECONCILE campaign. During this campaign, operational 13 forecasts were provided regularly to guide the operations of the GEOPHYSIKA. The flight 14 planning for an aircraft operating in the stratosphere proceeds in successive steps starting 15 about 5 to 6 days before take-off. Therefore, the medium-range forecasts of the ECMWF 16 constituted a valuable tool for flight planning. During the daily weather briefings, the 17 reliability of the operational deterministic forecasts was often discussed. Subjectively, the 18 impression arose that the variability of the 6-10 day forecasts for the stratosphere was 19 exceptionally high and that the ECMWF IFS predicted the SSW too early for longer lead 20 For the U-criterion, the false alarm rates are smaller, i.e. a significant portion of the EPS 21 members does not predict flow reversal. Recall that this period was characterized by higher 22 than normal planetary wave activity (see Fig. 8 ), which might be responsible for the 23 uncertainty in the EPS forecasts. For shorter lead times, the EPS forecasts have higher skill 24 and the false alarm rates are limited to shorter periods in November (Fig. 13c) . 25 Turning the attention to the SSW period, all EPS members (hit rate = 1) predict the onset and 26 evolution of the SSW for the criteria ΔT > 0 very accurately, whereas about half of the 27 members satisfy the criteria U < 0. This surprisingly uniform performance of the EPS holds 28 for both lead times. In this period, the ensemble mean follows very closely the verifying 29 predictions to the sum of true positive and false negative predictions of the SSW criteria ΔT > 0 and U < 0, respectively.
analyses and the false alarm rate is low. Prior to the SSW, the false alarm rate is small for 1 both criteria and restricted to a short period before the central date of the SSW. In contrast, the 2 period after the SSW is characterized by large uncertainty, with alternating periods of high hit 3 rates and high false alarm rates. 4
A closer inspection of the time evolution of the ensemble means for a lead time of 240 h 5 reveals nearly regular oscillations with a period of about 7 days in the forecast ΔT and U 6 fields. The reason for these oscillations remains unclear as they do not seem to be associated 7 with the oscillations seen in the meridional heat flux. This leads to the question as to how 8 realistic the forecasts are. Generally, the EPS members underestimate the strength of the polar 9 vortex as the U-values of the operational analyses are almost always larger than the ensemble 10 mean (the only exception is the SSW period). This may be a result of the reduced horizontal 11 resolution of the EPS, as a comparison with Fig. 4b shows a satisfactory agreement between 12 the U-values of the more highly resolved deterministic forecasts and the analyses. 13
In order to quantify the deviations between the 120 h and 240 h (EPS as well as deterministic) 14 forecasts and the verifying analyses, we calculated the meridional temperature difference 15 Finally, we turn to the predictability of the strong vortex events, which followed the high WP 28 positive phases. At a lead time of 120 h, the intensification of the negative meridional 29 temperature gradient and of the jet strength are well predicted in the EPS forecasts both at 50 30 hPa (Fig. 14b ) and 10 hPa (Fig. 13a,b) , with little spread among members. At the lead time of 31 1 December is predicted to occur a few days too late by nearly all members. of Greenland on 4 January 2010 for two different orbit tracks, one parallel (Fig. 16a) and the 29 other nearly perpendicular (Fig. 16b) Fig. 18c ). 24
Finally, Fig. 18d shows the same data for the reduced sample domain as in Fig. 18c Onogi K., Tsutsui, J., Koide, H., Sakamoto, M., Kobayashi, S., Hatsushika, H., Matsumoto, 25 T., Yamazaki, N., Kamahori, H., Takahashi, K., Kadokura, S., Wada, K., Kato, K., Oyama, 26 R., Ose, T., Mannoji, N., and Taira, R.: The JRA-25 reanalysis, J. 
